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Abstract. Atomic Force Microscopy (AFM) cantilevers proved to be very eﬀective
mass sensors. The attachment of a small mass to a vibrating cantilever produces a
resonance frequency shift that can be monitored, providing the ability to measure
mass changes down to few molecules resolution. Nevertheless, the lack of a practical
method to handle the catch and release process required for dynamic weighting
of microobjects, strongly hindered the application of the technology beyond proof
of concept measurements. Here a method is proposed in which FluidFM hollow
cantilevers are exploited to overcome the standard limitations of AFM-based mass
sensors, providing high throughput single object weighting with picogram accuracy.
The extension of the dynamic models of AFM cantilevers to hollow cantilevers was
discussed and the eﬀectiveness of mass weighting in air was validated on test samples.
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1. Introduction
The exploitation of nanotechnology in the field of biology and medicine led researchers to
the adoption of new perspectives to the study of the living matter. In particular, one of
the main breakthroughs has been the possibility to move from ensemble measurements
down to the study of single objects (cells and even molecules) [1]. This paradigm change
allowed to get rid of the intrinsic diversity in biological systems, no longer focusing only
on average values, but acquiring the full distribution or following the fate of single cells
one at a time [2]. The opportunities offered by this approach are now being exploited
in several fields, spanning from basic research to accurate and personalized diagnosis [3].
Nowadays, single cells can be quantitatively measured in terms of their physical
properties, and the change in any parameter can be tentatively correlated with the phys-
iological state of the cell itself [4]. Among all measurable parameters, the (bio)mass of
cells is known to encode relevant information. The so called dry-mass of cells has been
used to measure the quantity and quality of cell populations for long time [5] and the
reduction of this parameter to the single cell level is expected to provide a valuable bio-
logical indicator. Several approaches have been proposed to estimate cell mass through
the measurement of volume [6, 7], leading to fast and effective devices [8]. Nevertheless,
only few methods have been proposed to directly measure the weight of micrometric
objects, and none of them is able to reach a reasonable throughput and ease of use
while tailoring single cells.
The main issue while looking for a method to measure single cell mass, is the needed
sensitivity. Biological cells weight in the range of 1-1000 pg, so that a resolution of few
pg is required to obtain reliable results and to follow mass changes in real-time (as a
reference, living cells are expected to change their mass of about 6% during the whole
cell cycle [9]). The most promising approach to gain high resolution measurement of
single microscopic objects seems to be the exploitation of resonant micro-mechanical
systems [10] and, in particular, atomic force microscopy (AFM) cantilevers [11, 12].
In short, the dynamics of an AFM cantilever is well approximated by a simple
harmonic oscillator which shows a resonance frequency f0 linked to the mass experienced
by the cantilever through a trivial relation [12]:
f0 =
1
2pi
√
κ
meff
(1)
where κ is the elastic constant and meff some effective mass [13]. In principle, the
addition of a small mass δm to the cantilever will shift the resonance frequency towards
lower values, so that an estimate of δm can be obtained by measuring the frequency
shift of a calibrated cantilever:
δm =
κ
(2pi)2
[
1
f 21
−
1
f 20
]
(2)
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where f1 is the resonance frequency measured after the addition of the mass δm. Mea-
suring the mass of single objects thus becomes a matter of letting them attach to a
vibrating cantilever in a condition in which the resonance frequency change can be
monitored. This approach proved to be very effective for single sub-micrometric object
[14] and fluid droplets [15] weighting, and device miniaturization led to drastic im-
provements of the sensitivity to mass changes, pushing researchers to race towards the
theoretical detection limit [16]. Recently, a single carbon nanotube resonating at 2 GHz
enabled to sense adsorbed mass changes with a resolution of 1.7 yg (1 yg = 10−24 g),
corresponding to the mass of a proton [17]. Unfortunately, the resolution provided by
AFM resonating cantilevers comes totally at the expenses of the usability of the system
for every day applications. Measuring the mass of a single microscopic object faces the
tricky step of attaching the target to the cantilever. The most used approach consists
of functionalizing the cantilever surface (i.e. with an antibody) to obtain a specific
adhesion of selected objects [14, 18]. In addition, the use of glue was also proposed to
catch selected objects on a microscopy slide and to measure their mass [19]. All these
approaches have several limitations, among which the more critical are the difficulty to
determine the attachment position on the cantilever and the non reversibility of the ad-
hesion procedure. This last point is also the main bottleneck of all the approaches that
have been proposed so far, requiring to change the cantilever between two consecutive
measurements.
In this work we propose a method to provide single micro-object mass measurement
with high accuracy, typical of AFM cantilevers, and improved usability. The method
is based on the exploitation of FluidFM cantilevers [20], micro-fabricated hollow
cantilevers, with an aperture at the free end, connected to an external microfluidic
circuit allowing to apply positive and negative pressures. This system proved to be able
to effectively catch and release single micro object by the help of the internal pressure
[21] and here we present the exploitation of the device towards precise and fast single
micro-object capture and dynamic weighting.
2. Experimental Methods
2.1. Atomic Force Microscopy (AFM)
Tipless FluidFM cantilevers with 2 µm circular aperture were used as received.
The cantilevers were received glued on a Cytoclip and were used in combination
with a FlexAFM system (Nanosurf, Liestal, Switzerland) and a programmable
pressure controller (Cytosurge, Zürich, Switzerland). Where necessary, a Lock-In
amplifier (Zürich Instruments, Zürich, Switzerland) was used in Phase-Lock-Loop (PLL)
configuration. The cantilever was acoustically excited through a high-frequency piezo
positioned in the AFM’s probeholder. The excitation signal was generated within the
Lock-in amplifier and connected to the piezo excitation input of the FlexAFM controller.
Page 3 of 17 AUTHOR SUBMITTED MANUSCRIPT - draft
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Serial weighting of micro-objects with resonant microchanneled cantilevers 4
The spring constant was estimated with the Sader method [22], providing values for the
selected cantilevers in the order of 2 N/m.
2.2. Trapping and manipulating beads
5 µm, borosilicate glass beads (SPI supplies, West Chester, USA) have been deposited
as received on the glass bottom of a WillCo dish (WillCo Wells, Amsterdam, The
Netherlands) with the help of a needle. The beads have a reported density of 2.50-
2.55 g/cm3 and a NIST certified mean diameter of 5.1 ± 0.5 µm. The air trapping
protocol was based on the procedure developed in fluid [23, 24], and it consisted in
approaching an isolated bead with the FluidFM probe with a setpoint of about 20
nN; when in contact, a sucking pressure of -800 mbar was applied with the pressure
controller. Under optical control, the FluidFM aperture was carefully aligned with the
bead and, when the bead was trapped (gentle tapping with a finger on the AFM’s
table can facilitate immobilization), the cantilever was lifted and retracted enough to
avoid long-range interaction forces (clearly visible in term of cantilever bending and also
affecting dynamic properties). The application of a negative pressure is fundamental to
guide the bead exactly to the aperture, but once in place, additional forces contribute to
take the bead attached to the cantilever, so that small positive pressures do not induce
the detachment. To release the bead, the cantilever was brought in proximity of the
substrate (about 10 µm) and maximum overpressure (> 1000 mbar) was applied with the
pressure controller or with the help of a syringe. Due to electrostatic force, the bead is
attracted onto the glass surface again; proximity to the glass substrate is needed to avoid
reattachment of the bead to the cantilever body. In the case that overpressure was not
enough to release the trapped bead, or if the bead sticked onto the body of the cantilever,
strong vibrational excitation of the cantilever (5 V excitation amplitude, resulting in
>1000 nm oscillation amplitude) was always successful to clean the cantilever. The AFM
was mounted on top of an inverted optical microscope (Axiovert 100 TV, Carl Zeiss
AG, Jena, Germany) equipped with a AxioCam CCD camera (Carl Zeiss Microimaging
GmbH). Optical snapshots and time course movies were acquired with the open-source
micromanager software [25].
2.3. Yeasts
Dried yeasts (Saccharomyces cerevisiae) where purchased from a local store. A scalpel
was used to carefully smash the aggregates into smaller particles and the resulting
powder was collected directly in the WillCo dish. After treatment, single, isolated
yeasts were clearly visible and could be aimed and immobilized using the same protocols
developed for the beads (see previous section).
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a captured bead, it is suggested to be nearby the sample, so that beads can stick to the
surface after detachment. If the unloading procedure is performed far from the sample,
it can happen that the bead, after detachment, re-attaches to the cantilever in a random
position. This issue was exploited to deliberately induce the attachment of additional
beads to the body of the cantilever. During the experiment, other 2 beads were caught
in different positions (see the inset picture of figure 3), and the corresponding spectrum
was measured at each addition. The inset graph of figure 3 reports the corresponding
behavior of ∆i/∆1 (black filled circles). As mentioned, having the masses almost the
same weight, it is expected that the resulting ratios ∆i/∆1 would stick on a straight
line with slope 1 (dashed line in the inset). As clearly visible, the frequency change
associated to masses 2 and 3 (that are far from the tip) is not following the expected
curve.
The effect of the position is associated to the shape of the corresponding mode and, in
principle, it can be taken into account [30]. If x is the coordinate along the major axis
of the cantilever, and a mass δm, smaller with respect to the cantilever mass m0, is put
at a position xM (counted from the fixed end of the cantilever of total length L), the
expected resonance frequency of the first mode follows (see [30]):
ω2M = ω
2
0
(
1 +
δm
m0
U0(xM)
)
−1
(4)
where ω2
0
is the unloaded resonance frequency and U0(xM) is the shape of the first mode
for a clamped beam [31] calculated in the position xM . From this equation, it is possible
to calculate the resonance frequency ωT that the same mass would induce if attached
exactly to the tip, by the following relation:
1
ω2T
= (1 + α)
1
ω2M
− α
1
ω20
(5)
where α is a geometric coefficient ranging between 0 and 1, associated to the mode
shape calculated in xM and at the tip end xT :
α =
U2(xT )
U2(xM)
− 1 (6)
The position of the three beads in figure 3B was visually measured and Equation 6 was
applied to correct the frequency, obtaining the empty circles in Fig. 3B. After correction,
the point corresponding to the addition of the second mass perfectly follows the linear
behavior, while the third point still does not. In fact, the correction factor of Eq. 6 is
exact only for particles attached along the main axis of the cantilever, but it still holds
for small distances, for which the shape of the mode itself is not significantly altered
by the addition of the particle [29]. As a matter of fact, a configurations in which the
sphere is attached near the edge of the cantilever, such as for particle 3, is strongly
altering the cantilever dynamics, and the frequency change cannot be simply recovered,
so that this situation must be avoided while using the system as a mass sensor.
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Serial weighting of micro-objects with resonant microchanneled cantilevers 10
ing deformation pattern was recorded for different forces (see figure 1B). As expected,
the obtained κ was identical to the one estimated using the Sader method on a filled
cantilever of the same external geometry and the pillars had a very small impact on the
spring constant, about 1%.
The original Sader method was demonstrated for rectangular cantilevers, but it was
next generalized [35] to obtain an expression for arbitrary shape plan-view cantilevers
similar to Eq.7 in which the effect of the geometry is incorporated in a coefficient of
hydrodynamic origin, to be calculated (theoretically or numerically) for each cantilever
shape. As a consequence of this general formula, it was recently argued that for each
batch of cantilevers (i.e. with the same shape but small differences eventually due to
fabrication tolerances), it is sufficient to calibrate one cantilever, namely obtaining κR,
to obtain the calibration for all other cantilevers by simply measuring their resonance
frequency f and quality factor Q [36]. In particular, if fR and QR are the frequency
and quality factor for the reference cantilever, respectively, the calibration of a generic
cantilever of the batch can be calculated as:
κ = κR
Q
QR
(
f
fR
)2−α
(8)
where α = 0.7 is a constant coefficient [35]. In order to obtain the reference calibration,
the Cleveland method was used [31]. This approach only relies on the Equation 2 and
the use of a set of calibrated spheres. This approach provides a direct measure of the
elastic constant with a low uncertainty, claimed to be under 10%, and the approach is
valid for any cantilever shape, provided that the masses are added exactly at the tip
position. In addition, this method does not rely on dynamic coefficients, to be calculated
or measured for each cantilever. Nevertheless, the method has been poorly exploited in
literature, due to the tricky and painful procedure of adding calibrated masses at the
end of a micrometric cantilever. This limit is overcome by the use of FluidFM with the
proposed catch-and-release procedure, but obtaining a good estimate still requires to
image a set of calibrated spheres over a reference grating (see Methods) that is a time
consuming procedure. For optimal calibration of FluidFM cantilevers we thus propose to
use the Cleveland method for one cantilever in each batch, and propagate the calibration
to all other cantilevers of the same batch through the use of Equation 8. Figure 4 shows
the experimental results of the Cleveland method for a selected cantilever of the batch,
providing a calibration constant κ = 2.03N/m with a measurement error under 10%.
3.3. Role of the pressure
The resonance frequency of the FluidFM cantilever is expected to be influenced by
an internal applied pressure. This effect was experimentally evaluated by measuring
frequency changes as a function of the internal pressure P for both open-end and closed-
end configurations (see Fig. 5). The application of a pressure to the internal channel by
means of the FluidFM pump induces a difference between internal and external pressure
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100pg [41], perfectly fitting the measurement capabilities of the proposed FluidFM-
based approach. Figure 7 shows the salient events of a weighting procedure on a single
yeast cell. A resonance spectrum of the cantilever was acquired at the beginning of the
experiment, recording f0 and, after having identified a potential target, the cantilever
was put in contact with the substrate in a clean area, by means of the standard AFM
auto-approach procedure. After reaching the contact, the cantilever was retracted to
the maximum distance allowed by the vertical piezo of the AFM (to avoid touching
cells or debris during the motion) and it was moved above the aimed cell using the
AFM software commands. The cantilever was thus brought into contact over the yeast
cell and a negative pressure was applied. Sometimes, to facilitate the detachment of
the cells from the glass slide, a small vibration of the sample was induced in this
configuration by gently tapping on the microscope stage. To verify the attachment
of the cell, the cantilever was moved while still near contact. For each caught cell,
the resonance spectrum was thus acquired in a position far from the substrate and the
loaded frequency f1 measured. Finally, the particle was downloaded by imposing a huge
vibration of the cantilever with the internal dither piezo (the one normally used for non-
contact AFM imaging) and the unloaded frequency f0 was measured again, to verify the
effective delivery of the biological material. This measurement procedure was repeated,
collecting and weighting cells with a throughput of about 10 cells/hour, mainly limited
by the difficulty in finding isolated cells in the sample under examination. Figure 7F
shows the spectra acquired for the cell aimed in frame B of the same figure, providing
a shift of 52Hz, from f0 = 78.146kHz to f1 = 78.094kHz, corresponding to a mass of
about 11pg..
4. Conclusions
FluidFM technology is an emerging approach for force-controlled micro-object
manipulation and analysis. Here a method was presented to extend the technique
to weight single cells with an unprecedented mix of sensitivity and usability. AFM
cantilevers were already used as high resolution mass sensors [11], but one of the main
limiting factors in the precise determination of the added mass has been the need to
know the exact attachment position [12]. This issue is intrinsically solved by using
FluidFM cantilevers, for which the aimed particles are directly caught at the aperture
near the tip or, even in case of specialized geometries, in a well defined position that
can be taken into account for the determination of the loaded resonance frequency (see
Section 3.1). Additionally, attaching micro-objects to the AFM cantilever for sensing
purposes constitutes a tricky, time-consuming and fault-prone procedure, so that the
suggested approach [19, 14] never converted in a widespread method.
The adoption of FluidFM for mass sensing provides a definite breakthrough, allowing
to collect a statistically relevant set of single object measurements in a reasonable time.
As a matter of reference, the proposed immobilization procedure requires only a couple
of minutes per particle, including the force controlled approach, suction, withdraw of
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